The interaction of a nanoparticle with light is affected by nanoparticle geometry and composition, as well as by focused beam parameters, such as the polarization and numerical aperture of the beam. The interaction of a radially focused beam with a prolate spheroidal nanoparticle is particularly important because it has the potential to produce strong near-field electromagnetic radiation. Strong and tightly localized longitudinal components of a radially polarized focused beam can excite strong plasmon modes on elongated nanoparticles such as prolate spheroids. In this study, near field radiation from a prolate spheriodal nanoparticle is investigated when it is illuminated with a radially polarized focused beam of light. Near-field radiation from the nanoparticle is investigated in the absence and presence of metallic layers. It is shown that the interaction of a radially polarized focused beam with a prolate spheroidal nanoparticle can be enhanced by creating images of monopole charges using metallic layers. In addition, it is also observed that the presence of a metallic layer shifts the resonance of the prolate spheroid toward longer wavelengths. Dipole, quadruple, and off resonance field distributions for particles with different sizes and aspect ratios are presented when they are illuminated with a radially focused beam of light.
Abstract:
The interaction of a nanoparticle with light is affected by nanoparticle geometry and composition, as well as by focused beam parameters, such as the polarization and numerical aperture of the beam. The interaction of a radially focused beam with a prolate spheroidal nanoparticle is particularly important because it has the potential to produce strong near-field electromagnetic radiation. Strong and tightly localized longitudinal components of a radially polarized focused beam can excite strong plasmon modes on elongated nanoparticles such as prolate spheroids. In this study, near field radiation from a prolate spheriodal nanoparticle is investigated when it is illuminated with a radially polarized focused beam of light. Near-field radiation from the nanoparticle is investigated in the absence and presence of metallic layers. It is shown that the interaction of a radially polarized focused beam with a prolate spheroidal nanoparticle can be enhanced by creating images of monopole charges using metallic layers. In addition, it is also observed that the presence of a metallic layer shifts the resonance of the prolate spheroid toward longer wavelengths. Dipole, quadruple, and off resonance field distributions for particles with different sizes and aspect ratios are presented when they are illuminated with a radially focused beam of light.
Introduction
The interaction of photons with metallic nanoparticles is important to a number of emerging nanotechnology applications due to the large enhancement and tight localization of electromagnetic fields in the vicinity of nanoparticles. In addition, the spectral response of the geometry coupled plasmon resonances of a nanoparticle is tightly distributed, therefore, making it relevant for applications that require high sensitivity. These resonances can be engineered to the desired specifications by utilizing the shape and size of the nanoparticles, as well as the dielectric properties of the surrounding medium [1, 2] .
Although experimental studies in the literature have used both collimated and focused beams to excite surface plasmons, until recently the analytical and numerical models in the literature have only used simple plane waves to analyze this interaction. Recently, there has been increasing interest in understanding the interaction of a focused beam of light with a nanoparticle.
Numerical techniques based on finite difference time-domain [3] and finite element method [4] , as well as analytical techniques based on generalized Mie theory have been used [4, 5, 6] to analyze the interaction of a focused beam with a nanoparticle. Challener et al. [3] developed a finite difference time domain code to analyze the interaction of a linearly polarized focused beam with a spherical nanoparticle located in a high refractive index medium. More recently, detailed analytical models have been published by Lerme et al. [5] , Sendur et al. [4] , and Mojarad et al. [6] based on generalized Mie theory. In these studies, a linearly polarized focused beam has been used to study the interaction of focused light with nanoparticles [3, 4, 5, 6] . There have been theoretical and extensive experimental studies on the interaction of radially polarized focused light with nanostructures such as spheres and rods [7, 8] . Sendur et al. [4] extended the generalized Mie theory formulation to the case where a radially polarized focused beam illuminates a spherical nanoparticle. In a more recent study Mojarad et al. [9] used a radially polarized focused beam to tailor the localized surface plasmon spectra of nanoparticles.
The aforementioned studies [3, 4, 5, 6] employ only spherical particles to study the interaction of a focused beam and nanoparticles. Elongating the nanoparticle can provide further electric field enhancement for particles excited at the plasmon resonance condition, as shown for the spheroids illuminated with a plane wave excitation [10] . The interaction of a radially focused beam with elongated particles, such as a prolate spheroidal nanoparticle, is particularly interesting because it has the potential to produce even stronger near-field electromagnetic radiation. As illustrated by Goldberg et al. [11] , a tip-like aluminum particle with an elongated axis in the propagation direction of a radially polarized beam can provide strong and localized electromagnetic radiation. However, the impact of the metallic layer on the interaction of a prolate spheroidal nanoparticle with radially polarized light has not been studied. The presence of such a layer can further enhance the near-field radiation from the nanoparticle. In addition, the presence of such a layer causes a spectral shift in the resonance wavelength, as shown in this study.
In this study, the interaction between a radially polarized focused beam of light and a prolate spheroidal nanoparticle is investigated. This study provides an extension of the current knowledge of the interaction of focused light with nanoparticles by adding the effect of nanoparticle shape and radial incident beam polarization. This study investigates how beams with various angular spectra interact with prolate spheroidal nanoparticles. A new configuration is suggested to further improve the near-field radiation from a prolate spheroid nanoparticle by creating an image of the localized charge at the tip of the particle. A detailed parameter investigation is carried out to study the optimal shapes and sizes of prolate spheroidal nanoparticles, as well as optimum focused beam parameters. This study is organized as follows: In Sect. 2, prolate spheroidal particles used in this study are discussed. The incident radially polarized focused beam is also discussed in Sect. 2 along with illustrations of various field components. In Sect. 3, various factors that impact the interaction of a prolate spheroid nanoparticle with a radially polarized focused beam of light are discussed. In particular, the parameters related to particle geometry, material composition, and excitation source are investigated in detail. In Sect. 4, a prolate spheroidal nanoparticle configuration is discussed to further improve the near-zone electric fields in the vicinity of the particle. Concluding remarks appear in Sect. 5.
Prolate spheroid and radially polarized focused beam
Particles with large aspect ratios can support strong plasmon modes when they are illuminated with longitudinal fields. A radially polarized focused beam has a very strong longitudinal component in the direction of propagation [12] . The strong longitudinal component of radial polarization can excite strong plasmon resonances on a prolate spheroidal nanoparticle with a major axis aligned in the direction of the propagation of the focused beam. A prolate spheroid can be defined as
where a determines the size of the particle, and tanh ξ determines the minor to major axis ratio of the particle. The minor axis b of the prolate particle is obtained by b = a tanh ξ . The ξ values that are used in this study are 0.2, 0.3, 0.4, 0.5, and 0.6. These ratios correspond to minor to major axis ratios of 0.197, 0.291, 0.38, 0.462, and 0.537, respectively. Since the excitation of the plasmons of nanoparticles relies on the light of specific polarizations, considering an accurate description of the incident beam that accounts for the vector nature of the focused beam is extremely important. To obtain an accurate representation of a radially polarized tightly focused beam of light, the theory established by Richards and Wolf [13, 14] is used. In this approach, rays that are incident onto a lens are collected and focused based on the rules of Geometric Optics. After each ray is diffracted by the lens system, the overall contribution is calculated by summing up the individual rays. Formulas based on the Richards and Wolf vector field theory have been previously used in the literature [3, 4, 12, 15, 16] for focused beams of various polarizations. In addition, practical aspects of radially polarized focused light have been discussed in the literature [17, 18, 19, 20, 21] .
Using Richards and Wolf [13, 14] theory, the total electric field for a radially polarized beam of light near the focus is given as [12] 
where an apodization function of √ cos θ is used in this study and no additional apodization filters are applied at the pupil plane. In Eq. (2) r p is the observation point r p = x px + y pŷ + z pẑ = r p cos φ px + r p sin φ pŷ + z pẑ (3) and k is the wavevector
where λ is the wavelength in the medium, r p = x 2 p + y 2 p , and φ p = arctan(y p /x p ). In this representation, each ray is identified by a θ and φ depending on its incidence angle.
Only the rays incident on the lens can be collected. Any lens has a finite size, therefore, the rays beyond the size of the lens cannot be focused by the lens system. The half-beam angle α represents the cone angle within which the rays can be collected. The half-beam angle imposes a cut-off to the upper limit of the integral in Eq. (2) . The physical configuration of the lens system and the size of the lenses determine this cut-off angle. The cut-off angle determines which rays contribute to the radially polarized focused beam. Therefore, the half-beam angle incorporates the physics of the lens system into Eq. (2). The finite size of the lens results in the integral in Eq. (2) having an upper limit θ = α where α < π/2. To make use of the full numerical aperture of the lens system, the incident beam is assumed to fill the back-aperture of the lens system. In Fig. 1 , different field components of radially polarized focused beams with various α are illustrated. The beams are focused onto thex-ŷ plane and propagate in theẑ direction with the focal point at (0, 0, 0). The wavelength is 700 nm. The transverse components, E x and E y , and Figure 1 illustrates the typical radially polarized incident beam distributions that will be used to illuminate prolate spheroid particles in this study.
Near-field radiation from a prolate spheroid
In this section, we investigate the interaction of a prolate spheroid nanoparticle with a radially polarized focused beam of light in the absence of any metallic layers in the vicinity of the nanoparticle. To analyze this interaction, a 3-D finite element method (FEM) based full-wave solution of Maxwell's equations is used [22, 23] . Radiation boundary conditions are used in FEM simulations. To represent the scattering geometries accurately, tetrahedral elements are used to discretize the computational domain. On the tetrahedral elements, edge basis functions and second-order interpolation functions are used to expand the functions. Adaptive mesh refinement is used to improve the coarse solution regions with high field intensities and large field gradients. The validity of the method was previously tested with an analytical solution based on generalized Mie theory [4] .
In Fig. 2 (a) a schematic illustration of a prolate spheroidal nanoparticle and the incident ra- dially polarized focused beam is provided. In this schematic illustration a red arrow illustrates the propagation direction of the beam. The same convention for the propagation direction and nanoparticle orientation is used in the remainder of the simulations. In Fig. 2(b) , the total intensity profile is plotted on thex-ẑ plane, which passes through the center of the prolate spheroid particle. The incident beam is focused onto thex-ŷ plane and propagates in theẑ direction. The focal point of the incident beam corresponds to the center of the nanoparticle. The wavelength of incident light is 700 nm. The half beam angle of the focused beam is α = 60 • , which corresponds to a numerical aperture of 0.86. Various components of the incident focused beam were previously illustrated in Fig. 1 (g)-(i). The prolate spheroid particle is made of gold, with the optical properties of gold and silver used in this study retrieved from the literature [24] . The geometric parameters defining the prolate spheroid in Fig. 2 (b) are a = 100 nm and ξ = 0.2. |E(r)| 2 distribution on thex-ẑ cut plane is plotted in Fig. 2(b) for the parameters summarized in the previous paragraph. All the field intensities reported in this paper are normalized with respect to the intensity of the focused beam at the focal point. Therefore, the quantities reported in the manuscript correspond to intensity enhancement. As shown in Fig. 2(b) , a very tightly localized near-field electromagnetic radiation is obtained at the tip of the prolate spheroidal gold nanoparticle. A very large electromagnetic field enhancement is also observed at the tips of the nanoparticle. The main reason for the large field enhancement at the tips of the nanoparticle is the strong and tightly localized longitudinal component obtained from a radially polarized focused beam. This longitudinal component for high numerical aperture beams, which was previously illustrated in Fig. 1 , is very desirable to excite plasmon resonances on a prolate spheroidal nanoparticle. The longitudinal orientation of the focused beam is favorable for the shape and orientation of prolate spheroid nanoparticles with the main axis oriented in the longitudinal direction. In addition, the slowly tapered tip provides further enhancement of the electric field in the vicinity of the tip, as shown in Fig. 2(b) . The localized optical energy at the tip of the prolate spheroid, and the interaction between the prolate spheroid nanoparticle and nearby objects have potential applications at the nanoscale, including near-field scanning optical microscopy [25] , high-density data storage [26] , nano-lithography [27] , and bio-chemical sensing [28] . For this simulation, in which the particle size is much smaller than the wavelength of light, the field enhancement is observed on both tips of the nanoparticle. However, the enhancement at the tip in the propagation direction is slightly higher. As seen in later simulations, the asymmetry becomes more prominent for larger particles.
Particle-plasmons on a metallic prolate spheroid are a result of the plasma oscillations in the entire particle volume. Effective coupling of plasmons into a metallic spheroidal nanoparticle depends primarily on two factors: a large aspect ratio of the spheroid and a strong polarization component of the incident field along the major axis of the nanoparticle. The polarization component of the incident field along the major axis of the prolate spheroid causes a collective oscillation of the electrons, which gives rise to the plasmon resonance of the particle. Once these conditions are satisfied, the exact size and shape of the particle can be tuned to support plasmon resonances on nanoparticles. The tuning of the particle geometry is determined by a and ξ , whereas the tuning of the incident beam is determined by the wavelength and numerical aperture of the incident beam. The near-field radiation from a gold prolate spheroid and a sphere are compared in Fig. 3 . First, the wavelength response of a gold prolate spheroid nanoparticle with a = 100 nm and ξ = 0.2 is plotted in Fig. 3(a) . The results suggest that the maximum near-field radiation is obtained at λ = 800 nm. In Fig. 3(b) , |E(r)| 2 distribution on the x-z cut plane is plotted at λ = 800 nm. A similar calculation is repeated for the gold spherical nanoparticle in Figs. 3(c) and (d). The maximum near-field radiation for the spherical particle is obtained at λ = 650 nm. A comparison of the peak fields in Fig. 3 suggest that the prolate spheroid provides significantly larger localized near field radiation compared to a sphere. As mentioned, the wavelength of light, geometry and composition of nanoparticles can be adjusted to support strong plasmon resonances on these structures. Next we investigate the impact of these factors on the interaction of radially polarized focused light with prolate spheroid particles. The parameters that are investigated can be divided into 3 main categories:
1. Geometric factors, a and ξ ; 2. Source dependent parameters, wavelength λ and half-beam angle α;
Material composition of the nanoparticle.
A study of the geometric parameters and source dependent factors is summarized in the rest of this section. The material compositions of the particles in this study are limited to gold and silver.
First, we studied the impact of geometric factors a, ξ , and the wavelength of the optical source λ . The nanoparticle composition is selected as gold. The numerical aperture of the lens system is selected as 0.86. In Fig. 4 , the intensity |E| 2 at a distance of 10 nm away from the tip of a gold nanoparticle is plotted for various prolate spheroids. In Figs. 4(a)-(f) the intensity is given for particle sizes of a=25, 50, 75, 100, 150, and 200 nm, respectively. At each particle size, the intensity is plotted as a function of wavelength for ξ values of 0.2, 0.3, 0.4, 0.5, and 0.6. The results show that the electric field intensity increases for reducing ξ , which can be explained by two factors. The first factor is the lightning rod effect. As ξ gets smaller, the aspect ratio of the particle increases and the tip of the particle becomes sharper, resulting in larger intensity values in the vicinity of the nanoparticle. The second factor is that as ξ gets smaller, the aspect ratio of the particle becomes larger, which is more favorable for exciting plasmon resonances on elongated nanoparticles via the strong longitudinal component of the radially polarized focused beam. The results in Fig. 4 (a)-(d) indicate that the dipolar resonances are dominant for particle sizes of a=25, 50, 75, and 100 nm. As the particle size is increased beyond 150 nm, the quadruple resonances become stronger, as shown in Fig. 4 (e)-(f). The results in Fig. 4 indicate that the plasmonic resonances of nano-particles demonstrate a redshift as the ξ values are decreased. This observation is in agreement with the red-shift reported in high-aspect nanoparticles [1] . In Figs. 5 and 6 the electric field intensity distributions are plotted for various prolate spheroid nanoparticles when they are excited at the wavelengths corresponding to dipolar-resonance, offresonance, and quadruple resonance. Small prolate spheroids with a = 25 nm, a = 50 nm, and a = 75 nm do not demonstrate any quadruple resonance points, as shown in Fig. 4 . Therefore, the results in Fig. 5 illustrate the near-field distributions for prolate spheroids excited at the dipolar resonance and off-resonance frequency points. In Fig. 5 As mentioned previously, quadruple resonance points were identified only for large spheroids. Figures 6(a) -(l) illustrate the dipolar resonance, quadruple resonance, and offresonance distributions for particles with a=150 nm and a=200 nm. , respectively. Note that the left column corresponds to quadruple resonance points, the middle column corresponds to dipolar resonance points, and the right column corresponds to off resonance points. A comparison of the dipolar and quadruple distributions suggest that the field distributions at quadruple resonance also have strong lobes on the x-axis. These lobes are stronger for larger ξ and a values. The peak at 600-700 nm shows all of the features of quadruple resonance. It is very small for small particles, and becomes more dominant for larger particles as the particle size increases. Four peaks are identified over the structure, and there is 90 • separation between the peaks. The major difference of the quadruple distribution of a spheroidal particle from that of a spherical particle is that the peaks shift 45 • . The shift is due to the forced peaks at the tips of the nanoparticle. The tip of the nanoparticle forces the peaks to appear at the tips, which creates a shift in the quadruple distribution compared to a spherical particle.
The impact of changing the material composition of the prolate spheroidal nanoparticle to silver is studied in Fig. 7 . The intensity |E| 2 at a distance 10 nm away from the tip of a silver nanoparticle is plotted for various prolate spheroids. A comparison of the results in Fig. 4 and Fig. 7 suggest that changing the material composition of the nanoparticle has little impact on the resonance conditions. The electric field intensity is slightly higher for the silver nanoparticles, however, the resonance wavelength showed very little change.
A comparison of the spectral response of the radially polarized focused beam, a plane wave (polarized in the main axis of the prolate spheroid), and a linearly polarized focused beam (polarized in the main axis of the prolate spheroid) is illustrated in Fig. 8 . The simulations are performed for two different prolate spheroids: (a, ξ )=(200, 0.3) and (a, ξ )=(200, 0.4). The results indicate that there are substantial differences between radially polarized focused beam and the other two illuminations. These differences are more prominent especially for larger spheroids. In the final set of results in this section, the impact of the angular spectrum distribution of the incident radially polarized beam on the plasmons of spheroidal nanoparticles is studied. Two different parameters sets are selected: [a (nm), ξ , λ (nm)] = [150, 0.2, 650] and [150, 0.2, 900]. The former set of parameters corresponds to the quadruple resonance point, while the latter corresponds to the dipolar resonance point. In Fig. 9 and Fig. 10 field distribution does not change as the half-beam angle is increased, the amplitude of the near-field electric field distribution increases as the half-beam angle is increased. The angular spectrum of the incident beam is tight for α = 15 • , becoming wider as the half beam angle is increased. Therefore, the incident wave amplitude onto the particle increases as the halfbeam angle increases. As a result of increasing the incident field amplitude, the scattered field amplitude also increases, as shown in Figs. 9 and 10.
Impact of a metallic layer
It is possible to further improve the near field radiation from the prolate spheroidal nanoparticle by placing a metallic layer as shown in Fig. 11 (a). As described in the previous section, the induced current over a metallic structure results in a charge accumulation at the end of the spheroid nanoparticle. The oscillation of this monopole gives rise to localized near-field radiation. By placing a metallic layer, such as a gold layer, as shown in Fig. 11(a) , it is possible to create an image of the monopole as shown in Fig. 11(b) . The schematic illustration in Fig. 11(b) is equivalent to Fig. 11(a) . Due to image theory [29] , the metallic layer gives rise to another monopole. The original monopole and its image in the metallic layer create an electric dipole. The resulting electric dipole radiates stronger than the electric monopole at the tip of the prolate spheroid in the absence of a metallic layer. A comparison of the near-field radiation of a prolate spheroid nanoparticle in the absence and presence of a metallic layer is presented in Fig. 12 . The total intensity profile is plotted in Fig. 12(a) on thex-ẑ plane for a particle in the absence of a metallic layer. All simulation parameters are identical to the simulations in Figs. 12(b) and (c) with the exception of the presence of the 100 nm thick gold layer. The distance between the tip and the metallic layer are 5 nm and 10 nm in Figs. 12(b) and (c), respectively. The field enhancement due to the metallic layer can be seen by comparing the simulation results in Fig. 12 . An important parameter that impacts the field strength in Fig. 12 is the distance between the prolate spheroidal particle and the gold layer. This distance determines the distance between the electric charges in the dipole configuration, therefore, impacting the near-field radiation strength of the electric dipole. In Fig. 13(a) the effect of the distance between the prolate spheroid and metallic layer on the near-field radiation is plotted. In the presence of the metallic layer, the distance is taken as 5 nm above the metal layer. The data is extracted from the graphs in Fig. 12 . Weaker near-field radiation is observed for a large separation between the prolate spheroid and the metallic layer. The presence of the metallic layer impacts the frequency response of the prolate spheroidal nanoparticle. In Fig. 13(b) the normalized intensity is plotted as a function of wavelength in the absence and presence of the metallic layer. All other parameters in the simulations are identical. Figure 13(b) suggest that the presence of a metallic layer shifts the resonances toward longer wavelengths, which is a similar trend observed in the literature [30, 31] . This can be best interpreted with the aid of Fig. 11 . In the presence of a metallic layer, the particle and its image, as shown in Fig. 11(b) , interact with the incident light. Therefore, the resulting resonant structure in the presence of the metallic layer is longer than the resonant structure in the absence of the metallic structure. The interaction of a higher aspect ratio particle with light results in a resonance shift toward longer wavelengths.
Conclusion
The interaction of a radially polarized focused beam of light and a prolate spheroidal nanoparticle is studied. In this study, the effect of particle geometry and composition, as well as focused beam parameters such as the numerical aperture of a beam and the wavelength of incident light are studied. When the particle is elongated in the direction of the strong component of the incident focused light, the amplitude over the particle increases as the half-beam angle is increased. The location and the relative amplitude of the lobes with respect to each other did not change by varying the angular spectrum of the incident beam. It was found that the presence of a metallic layer increases the near field radiation from the nanoparticle by creating an image of the oscillation charge monopole, and therefore, forming a strong dipole. The distance between the prolate spheroidal particle and the metallic layer impacts the field strength of the near-field radiation. It is also observed that the presence of a metallic layer shifts the resonance of the prolate spheroid toward longer wavelengths. The presence of the metallic layer results in a longer aspect ratio of the resonant structure, and therefore, moves the resonance wavelength. Dipolar, quadruple, and off resonance field distributions for particles with different size and aspect ratio are presented when they are illuminated with a radially focused beam of light. Small particles with sizes smaller than 75 nm demonstrated only dipole resonances. A comparison of the dipolar and quadruple distributions for larger particles suggest that the field distributions at quadruple resonance have strong lobes on the perpendicular axis. Fig. 13 . (a) |E(r)| 2 distribution as a function of distance from the tip of a gold prolate spheroid particle of a = 100 nm and ξ = 0.2 illuminated with a radially polarized focused light at λ = 800 nm. In the presence of metallic layer, the distance is taken as 5 nm above the metal layer. (b) A comparison of the frequency response of a prolate spheroid nanoparticle in the absence and presence of the metallic layer.
